Background: tRNase Z removes the 3'-trailer sequences from precursor tRNAs, which is an essential step preceding the addition of the CCA sequence. tRNase Z exists in the short (tRNase Z S ) and long (tRNase Z L ) forms. Based on the sequence characteristics, they can be divided into two major types: bacterial-type tRNase Z S and eukaryotictype tRNase Z L , and one minor type, Thermotoga maritima (TM)-type tRNase Z S . The number of tRNase Zs is highly variable, with the largest number being identified experimentally in the flowering plant Arabidopsis thaliana. It is unknown whether multiple tRNase Zs found in A. thaliana is common to the plant kingdom. Also unknown is the extent of sequence and structural conservation among tRNase Zs from the plant kingdom.
Background tRNA 3'-end maturation is a process through which the 3'-trailer sequence of precursor tRNAs (pre-tRNAs) is removed, and processed tRNAs acquire the CCA end which is absolutely essential for tRNA aminoacylation and protein synthesis (for reviews, see [1] [2] [3] ). In prokaryotes, this process can be either exonucleolytic or endonucleolytic depending on whether the 3'-CCA sequence is genomically encoded. CCA-containing pre-tRNAs are generally processed by the exonucleases that tend to stop removing nucleotides from the 3'-end upon encountering the transcriptionally encoded CCA, whereas CCA-less pre-tRNAs are processed by a 3'endonuclease termed tRNase Z (also termed RNase Z or 3'-tRNase; for reviews, see [4] [5] [6] [7] ) that cleaves immediately after the N 73 discriminator nucleotide (the first unpaired base after the acceptor stem) to allow subsequent addition of the CCA sequence.
Unlike prokaryotic pre-tRNAs, eukaryotic nuclear and organellar pre-tRNAs generally lack the 3'-CCA sequence (which is added post-transcriptionally) and their 3'-trailer sequences are removed by tRNase Z. Also unlike prokaryotic pre-tRNAs, eukaryotic nuclear pre-tRNAs contain oligo (U) at their 3'-ends, which are recognized and bound by the La protein (for reviews see [2, 8] ). In the budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe, the endonucleolytic cleavage of nuclear pre-tRNAs requires the presence of the yeast La protein [9, 10] . In the absence of the yeast La protein, the 3'-trailer sequence of nuclear pre-tRNAs is trimmed by 3'-exoribonucleases including Rex1p [11] . However, organellar pre-tRNAs lack terminal oligo (U). Furthermore, unlike nuclear pre-tRNAs which are typically monocistronic, most organellar pre-tRNAs are polycistronic [12, 13] .
tRNase Z is present in all kingdoms of life. It exists in two forms: tRNase Z S [300-400 amino acids (aa)] and tRNase Z L (700-800 aa), which are encoded by different genes. It is believed that the tRNase Z L gene has evolved from a tandem duplication of the tRNase Z S gene, followed by divergence of the sequence [14] . In prokaryotes, only tRNase Z S is identified. By contrast, all eukaryotes possess tRNase Z L , and some have both forms.
The species distribution of tRNase Z is complex. The majority of eukaryotic species analyzed to date, including S. cerevisiae, the fruit fly Drosophila melanogaster and the nematode worm Caenorhabditis elegans contain a single tRNase Z L [15] [16] [17] . In contrast, S. pombe have two tRNase Z L s [18, 19] . Interestingly, two tRNase Z L s and two tRNase Z S s have been experimentally identified in the flowering plant Arabidopsis thaliana [20] . In humans, one tRNase Z S (also termed ELAC1) and one tRNase Z L (also termed ELAC2) are found [14] . Our BLAST searches against public genomic and expressed sequence tag (EST) databases reveal that with few exceptions, vertebrates contain one tRNase Z L and one tRNase Z S (a detailed description of tRNase Z protein distribution in the animal kingdom will be provided elsewhere).
tRNase Z belongs to the metallo-b-lactamase (MBL) superfamily [14, [21] [22] [23] [24] . The typical MBL domain contains five conserved sequence motifs termed Motifs I-V. Motifs I and IV each harbor an invariant Asp, Motif II (HxHxDH), which is also called the His motif, is the signature motif of the superfamily, whereas Motifs III and V each contain a conserved His residue. Structural studies of tRNase Z S s from E. coli, T. maritima and B. subtilis [25] [26] [27] [28] and mutation analyses of tRNase Zs from a variety of species [29] [30] [31] [32] [33] [34] [35] reveal that the His and Asp residues of Motifs II-V form the active site for coordination of two catalytic zinc ions. In particular, the Asp residue of Motif II may participate in both zinc ion coordination and act as a general base to generate a hydroxide ion for nucleophilic attack on the scissile phosphodiester bond at the cleavage site [25, 29] . The Asp residue of Motif I is also catalytically important and appears to stabilize the catalytic site [33] .
Besides tRNase Zs, some nucleic acid processing enzymes are also members of the MBL superfamily. Most of these proteins belong to the b-CASP (MBLassociated CISF Artemis SNM1/PSO2) subfamily of the MBL [23] . This subfamily includes the 73-kD subunit of the cleavage and polyadenylation specificity factor (CPSF-73) and its yeast homolog Ysh1p, which are involved in endonucleolytic cleavage of pre-mRNA, the Intergrator complex subunit 11 (Int11) involved in the 3'-end formation of small nuclear RNAs (snRNA) [36] , bacterial RNase J, which participates in rRNA 5'-end maturation [37] and RNA decay [38] , and the eukaryotic Pso/Snm1/Artemis proteins, which function in DNA repair and V(D)J recombination [23] . However, unlike tRNase Zs, b-CASP proteins contain conserved b-CASP sequence motifs in place of Motif V.
tRNase Z is distinguished from other MBL members by their unique substrate binding domain termed the flexible arm (also termed the exosite). Based on flexible arm type, there are two major types (bacterial-and eukaryotic-types) and one minor type [T. maritima (TM)-type] of tRNase Zs [39] . The bacterial-type tRNase Zs, which are present predominantly in bacteria, possess the bacterial-type flexible arm. The bacterial-type flexible arm is~55 aa in length and contains the Gly-and Pro-rich GP motif (GxPxGP, sometimes GxPPGP) [39] . The eukaryotic-type tRNase Zs, which are found only in eukaryotes, contain the ELAC2-type flexible arm. This type of flexible arm harbors the GP motif and is~62 aa long, which is slightly longer than the bacterial-type flexible arm.
The TM-type tRNase Z was believed to be the minor type at the time of discovery since it was found only in T. maritima and A. thaliana [39] . The flexible arm found in TM-type tRNase Zs appears to be shorter (~30 aa) and lacks the GP motif but instead contains one short basic residue-rich region [39] . In addition, both the bacterial-and eukaryotic-type tRNase Zs contain the PxKxRN, HEAT and HST motifs, which form part of loop structures, whereas the TM-type tRNase Z lacks these motifs [33, 40, 41] . The PxKxRN motif has been suggested to function in CCA anti-determination (tRNase Z activity is inhibited by 3'-CCA) [25, 33] , whereas the HEAT and HST motifs have been suggested to play a role in facilitating proton transfer at the final stage of reaction [25, 29, 40] . tRNase Z has diverse functions besides its primary role in tRNA 3'-end processing. This is perhaps best exemplified by ELAC2, which serves a multitude of functions within cells. Recent studies have shown that ELAC2 is involved in the generation of MALAT1, a cancer-associated long noncoding RNA which participates in regulation of pre-mRNA splicing [42] , tRNA-derived small RNAs [43, 44] , and viral microRNAs (miRNAs) [45, 46] . Overexpression of ELAC2 delays cell cycle progression, suggesting that ELAC2 may be involved in cell cycle control either directly or indirectly via its role as tRNA processing enzyme [47] . ELAC2 also potentiates TGF-b(transforming growth factor-b/Smad-induced transcription response, indicating a role for ELAC2 in TGF-b/Smad signaling mediated growth arrest [48] . Interestingly, a recent study has shown that destruction of human mitochondria through depletion of mitochondrial DNA results in down-regulation of ELAC2 and a delay in cell cycle progression [49] . Since ELAC2 may be involved in cell cycle regulation, it is likely that ELAC2 may link mitochondrial function and cell cycle control. It is important to note that ELAC2 is a candidate prostate cancer susceptibility gene as its mutations are associated with prostate cancer [14] . However, the underlying mechanisms are unknown. In S. cerevisiae, either inactivating mutations or overexpression of tRNase Z L causes a petite phenotype, suggesting that the action of tRNase Z L may be related to mitochondrial function [15] . In addition, the S. cerevisiae tRNase Z L has also been suggested to play a role in 35S rRNA processing [50] .
The study of tRNase Z evolution has been facilitated by the increasing availability of genome sequences. A previous study showed that only tRNase Z S is found in bacteria and that its presence in bacteria is widespread [6] . We recently reported on a systematic survey of tRNase Zs in fungi [51] . Our analysis reveals that while the majority of fungal species contain one tRNase Z L , all four sequenced Schizosaccharomyces species contain two distinct tRNase Z L s either demonstrated or predicted to be localized to the nucleus and mitochondria, respectively. In addition, the presence of tRNase Z S in fungi is restricted to the phylum Basidiomycota and the basal fungal phyla.
Green plants (Viridiplantae) represent a monophyletic group of land plants and green algae that evolved near the base of the tree of eukaryotic life. Flowering plants (angiosperms), which are typically polyploidy, represent the largest, most diverse and most evolutionary advanced phylum of land plants making up 90% of the plant kingdom. It can be divided into two major groups: dicotyledons (dicots), which accounts for the majority of the angiosperm species, and monocotyledons (moncots). At present, there are at least 27 sequenced and annotated genomes representing the major taxonomic groups within green plants, although the majority of them are those of flowering plants. The public availability of these genome sequences enabled us to identify tRNase Zs in green plants and to study their evolution.
In this study, we undertook a comprehensive survey of candidate tRNase Zs from annotated green plant genomes. To understand the evolutionary relationships among green plant tRNase Zs, we further conducted a phylogenetic analysis of these newly identified candidates. Finally, we presented a detailed sequence analysis of tRNase Zs with the intent of further delineating the distinct features of green plant tRNase Zs.
Results

Identification of candidate green plant tRNase Zs
To extend our previous study of tRNase Z diversity and evolution, we searched public genome databases for putative green plant tRNase Zs with significant matches to known bacterial and eukaryotic tRNase Zs. Since most of candidate sequences identified from the databases are computationally generated without subsequent manual annotation, it is likely that many predictions may contain errors. Therefore, we verified each candidate. We first validated each prediction by reciprocal searches against the GenBank. In back-searches, a candidate was confirmed if reverse BLAST also gave tRNase Z hits in the top matches. Accuracy of prediction was further evaluated by multiple sequence alignment. All discordant candidate sequences were checked manually for possible errors including sequencing errors, intron mispredictions and existence of gaps in the genome sequences. We found that many candidate sequences are apparently incomplete or contain annotation errors. For example, the predicted coding sequence of the monkeyflower (Mimulus guttatus) MguTRZ2 (Phytozome accession no. mgv1a024577 m.g) in the database was incomplete lacking the N-terminal region. We were able to predict this region from the genomic DNA sequence based on sequence similarity. The predicted full-length coding region of MguTRZ2 has 364 aa. As another example, the sequence annotated as the candidate castor bean (Ricinus communis) tRNase Z L (Phytozome accession no. 30146.t000117) appears to be mispredicted due to the presence of sequence gaps. Thus, this sequence was excluded from the list.
Several incorrect predictions are apparently caused by the presence of the non-canonic GC-AG splice site pairs. While the GT donor splice site is a canonical 5'splice site for introns in eukaryotic genes, the GC donor splice sites account for the majority of the non-canonical donor splice site. Thus, for those that cannot be accurately predicted by the conventional FGENESH program, we carried out gene prediction using FGENESH _GC, which is a new version of the FGENESH program including noncanonical GC dinucleotide in donor splice sites. Indeed, by doing so, we could predict some exons encoding missing conserved motifs. For example, the HEAT motif was originally missing in several annotated candidate tRNase Z L s from flowering plants including papaya (Carica papaya CpaTRZ3), cassava (Manihot esculenta MesTRZ4), Medicago (Medicago truncatula MtrTRZ3) and black cottonwood (Populus trichocarpa PtrTRZ3). After re-evaluation of intron splice sites using FGENESH_GC, we were able to recover their HEAT motifs. Because the intron sequences of some candidate sequences appear to be extremely difficult to predict correctly, we could not conclusively rule out the possibility of errors in certain candidates.
In total, 54 candidate tRNase Z S and 32 candidate tRNase Z L were identified from 27 green plant species including 21 flowering plants, 1 moss, 1 lycophyte and 4 green algae (Additional file 1). The names of these candidates follow the A. thaliana tRNase Z nomenclature [52] . Of these, only tRNase Zs from A. thaliana have been experimentally characterized [20] . While most of these sequenced genomes examined belong to the flowering plants, the availability of the genome sequences from two basal land plants (the bryophyte Physcomitrella patens and the lycophyte Selaginella moellendorffii) and four green algae (Chlamydomonas reinhardtii, Volvox carteri, Micromonas pusilla and Ostreococcus lucimarinus) allows for evaluation of differences between flowering plant tRNase Zs and those from basal land plants and green algae.
The flowering plants examined to date appear to contain multiple tRNase Zs. Foxtail millet (Setaria italica) contains the largest number of tRNase Zs (5) so far identified in a flowering plant. Most flowering plant species have a single tRNase Z L . In contrast, six flowering plants including two Arabidopsis species (A. thaliana and Arabidopsis lyrata) harbor two tRNase Z L s. It should be noted that the presence of two tRNase Z L s are not species-specific since the plant species containing two tRNase Z L s come from diverse taxonomic groups.
Unlike most flowering plants that possess two tRNase Z S s, two members of the Panicoideae subfamily of grasses, sorghum (Sorghum bicolor) and foxtail millet have three tRNase Z S s and four tRNase Z S s, respectively. The presence of multiple tRNase Z S s appears not to be grass-specific, since three other grass plants including rice (Oryza sativa), Brachypodium (Brachypodium distachyon) and maize (Zea mays) contain only two tRNase Z S s. Calculation of the percentage identity and similarity between candidate tRNase Zs from these two grass species shows strong conservation of the proteins at the amino acid level with the most identity (93%) and similarity (95%) between S. bicolor SbiTRZ2 and S. italica SitTRZ2 (Additional files 2 and 3). To our surprise, all candidate tRNase Z S s identified in flowering plants are highly similar and belong to the TM-type tRNase Z S (see below for a detailed discussion).
The number and type of tRNase Zs appear to be highly variable in the two primitive plant species and four green algae (Table 1 and Additional file 1). The largest number of tRNase Zs is found in the moss P. patens, which contains two TM-type and one bacterialtype tRNase Z S s, and one tRNase Z L . In contrast, two green algae C. reinhardtii and V. carteria have the least number of tRNase Zs, comprising one TM-type tRNase Z S and one tRNase Z L . The two other green algae M. pusilla and O. lucimarinus contain one TM-type and one bacterial-type tRNase Z S s and one tRNase Z L . The lycophyte S. moellendorffii, which has the smallest genome size of any land plant reported, contains two tRNase Z L s in addition to one TM-type tRNase Z S .
Interestingly, tRNase Z-like proteins (TLP) which apparently lack one or more conserved motifs of tRNase Zs necessary for the enzymatic activity of the protein are widespread in basal land plant and green algal genomes that have been analyzed here (Table 1 and Additional file 1). Many tRNase Z-like proteins appear to lack the flexible arm but contain all other conserved motifs of tRNase Zs (Figure 1 and see below for a more detailed discussion of the motifs). At one extreme, one S. moellendorffii tRNase Z-like protein (SmoTLP2) appears to lack all of the conserved motifs.
Based on their sizes, tRNase Z-like proteins can be divided into tRNase Z S -like and tRNase Z L -like proteins which are comparable in size to tRNase Z S s and tRNase Z L s, respectively. The number and form of tRNase Zlike proteins vary among the species, being largest in C. reinhardtii (two tRNase Z S -like and two tRNase Z L -like proteins) and next largest in S. moellendorffii (two tRNase Z S -like and one tRNase Z L -like proteins). The basal land plant P. patens and the two green algae M. pusilla and O. lucimarinus contain one tRNase Z L -like protein, whereas the green alga V. carteria contains one tRNase Z S -like and one tRNase Z L -like proteins. In contrast, black cottonwood (P. trichocarpa) appears to be the only species among the flowering plant genomes examined that contains the tRNase Z L -like protein. This species contains one tRNase Z L -like protein in which the second His in the His motif is mutated to Gln (data not shown).
Prediction of subcellular localization of candidate tRNase Zs from flowering plants
To help understand the function of candidate tRNase Zs, we predicted in silico the subcellular localization of each of flowering plant tRNase Zs using different bioinformatic prediction programs. Most flowering plants have two tRNase Z S s (tRNase Z S1 and tRNase Z S2 ). All tRNase Z S1 proteins apparently lack any predictable signal sequences and therefore predicted to be cytoplasmic proteins, with the exception of O. sativa tRNase Z S1 (OsaTRZ1), which is predicted to be localized in the chloroplasts ( Table 2 ). On the other hand, all tRNase Z S2 except P. trichocarpa tRNase Z S2 (PtrTRZ2), contain a predicted chloroplast targeting signal ( Table 2 ). The predicted chloroplast targeting signal of PtrTRZ2 is unusual in that it is only seven residues long since the majority of the known chloroplast targeting signals consist of N-terminal 20-80 amino acid residues [53] . In the two flowering plants (S. bicolor and S. italica) carrying multiple tRNase Z S s, only one tRNase Z S (tRNase Z S2 ) from each species is predicted to be chloroplast-localized, whereas the rest are predicted to be cytoplasmic ( Table 2) . Besides tRNase Z S , flowering plants also contain one (tRNase Z L1 ) or two (tRNase Z L1 and tRNase Z L2 ) tRNase Z L s. Most tRNase Z L1 proteins contain a predicted mitochondrial targeting signal between two putative translational initiation sites at the N-terminus and also have a nuclear localization signal ( Table 3 ). Some tRNase Z L2 proteins have a putative mitochondrial targeting signal, while others are predicted to have both nuclear and mitochondrial targeting signals. The length of the putative mitochondrial targeting signals found in these candidates are within the expected size-range (20-80 aa) [54] . Consistent with the prediction, A. thaliana tRNase Z L1 (AthTRZ3) was found in both the nucleus and the mitochondria [20] . However, A. thaliana tRNase Z L2 (AthTRZ4) predicted to have both nuclear and mitochondrial targeting signals is actually found only in the mitochondria [20] .
Phylogenetic analysis
To gain insights into the evolutionary relationship among plant tRNase Zs, we reconstructed the phylogeny of 86 candidate sequences using Bayesian phylogenetics. Although most of plant species are flowering plants, they are taxonomically diverse. In addition to tRNase Zs from plants, we also include tRNase Z S from T. maritima as outgroup. Phylogenetic analysis reveals the presences of two well-supported clades: one formed by including all TM-type tRNase Z S s, and the other all tRNase Z L s and bacterial-type tRNase Z S s ( Figure 2 ). The latter clade is further divided into two subclades, of which one contains all tRNase Z L s, and the other bacterial-type tRNase Z S s. Notably, two tRNase Z L s (AlyTRZ4 and AthTRZ4) from the two Arabidopsis species (A. thaliana and A. lyrata) together form a group sister to a group formed by another two tRNase Z L s (AlyTRZ3 and AthTRZ3) from the same two species. Likewise, the two tRNase Z L s found in some species including Aquilegia coerulea (AcoTRZ3 and AcoTRZ4), Glycine max (GmaTRZ3 and GmaTRZ4) and S. moellendorffii (SmoTRZ2 and SmoTRZ3 ) are sister to each 
PpaTRZ3 ( 1 ) MTEDFCDHRAMQIVFLGTSSSMPTLSRNTSSIALRLDG----TIYMFDCGEGVQRQLHRTPFRHR---TIDNIFITHMHGDHIFGLPGL OluTRZ2 ( 1 ) ---MKSNFSGAELTFLGTSSGAPSFTRNVSSVALRLEN---E-VWLFDCGEATQHQLMRSKLKYA---KITRIFITHMHGDHIFGLPGL MpuTRZ2 ( 1 ) ----------MEVVFLGTSSGSPSFTRNVSSYALRLTD---E-IWLFDCGEATQHQLMRSKLRYT---KITRIFITHMHGDHIFGLPGL HsaTRZ1 ( 1 ) --------MSMDVTFLGTGAAYPSPTRGASAVVLRCEG----ECWLFDCGEGTQTQLMKSQLKAG---RITKIFITHLHGDHFFGLPGL
slr0050 ( 1 ) ----------MEITFLGTSSGVPTRNRNVSSIALRLP--QRAELWLFDCGEGTQHQFLRSEVKIS---QLTRIFITHLHGDHIFGLMGL EcoTRZ1 ( 1 ) ----------MELIFLGTSAGVPTRTRNVTAILLNLQHPTQSGLWLFDCGEGTQHQLLHTAFNPG---KLDKIFISHLHGDHLFGLPGL BsuTRZ1 ( 1 ) ----------MELLFLGTGAGIPAKARNVTSVALKLLEERRS-VWLFDCGEATQHQILHTTIKPR---KIEKIFITHMHGDHVYGLPGL SmoTLP1 ( 1 ) ---MAGRRRAMELVFLGTAAN-PSPRRNSSCVLLKIG----KIMQLFDCAEGSFRQLQESRHSGS---AIDRIFITHMHGDHVWGLPAL VcaTLP1 ( 73) RHTGFPLRTGLALTWLGTNSGTPTLERNVSCTLVRLPG----AVQMVDCGEGTHRQLLSLEGSLD-LAEIDGIFITHLHGDHCFGLPAA CreTLP1 ( 44) PAPARGAAGGLALTWLGTNSGTPTLERNVSCTLVRLPG----TVQVVDCGEGSHRQLRLTPRTLSRVALLRSIFITHMHGDHCFGLGAA TmaTRZ1 ( 1 ) -------------------MNIIGFSKALFSTWIYYSP----ERILFDAGEGVSTTLGSKVYAFK------YVFLTHGHVDHIAGLWGV AthTRZ1 ( 1 ) ------MEKKKAMQIEGYPIEGLSIGGHETCIIFPSLR------IAFDIGRCPHRAISQ-----------DFLFISHSHMDHIGGLPMY SmoTLP2 ( 68) ISSDHSKHKGTKFAFLGTSLF---PGRTEPCLLVKNEG----RCFIFNCGDNVYRELQRASYLEK----QCTIFVTSMDINNIVGLPGL CreTLP2 ( 11) DKHVGSKESGLEIVVLGTGAGATHIYSKESSSSFVVLR-DGEPVLLCDMGYGVTASCLQHVGRVP-----ACTYISHNHGDHAGELPLV Motif III
PpaTRZ3 ( 83) LCMIG-------MTAPSTREPIEIFGPPGLRQWIRTTLKLAHARVPIKYTVHELVLQEV[ 1 ]-VHEDKKYVVVAGLLKHSIPCW--G OluTRZ2 ( 80) ICAISGARTAHSRSYGGSVVPLHIIGPPGIRQFIYSSITWS--RSVLGMPLIVTELRQP[ 18]TAYNDGNFCVRASVLRHPVPCF--G MpuTRZ2 ( 73) ICALSGARAELRRVHGKDPTPLYITGPPGICDYVRAAITCS--RTVLGLPLIVTELDIA[ 21]RNGNEGGIVVRAAPLRHPVPCF--G HsaTRZ1 ( 75) LCTISLQS-----GSMVSKQPIEIYGPVGLRDFIWRTMELS--HTELVFHYVVHELVPT[ 39]LLFDDEQFVVKAFRLFHRIPSF--G slr0050 ( 75) LASSG---------LAGSGQGIEIYGPEGLGDYLEACCRFS--STHLGKRLKVHTVREN[ 1 ]LIYEDKDFQVHCGLLKHRIPAY--G EcoTRZ1 ( 77) LCSRS---------MSGIIQPLTIYGPQGIREFVETALRIS--GSWTDYPLEIVEIGAG[ 0 ]EILDDGLRKVTAYPLEHPLECY--G BsuTRZ1 ( 76) LGSRS---------FQGGEDELTVYGPKGIKAFIETSLAVT--KTHLTYPLAIQEIEEG[ 0 ]IVFEDDQFIVTAVSVIHGVEAF--G SmoTLP1 ( 79) LCAAK------------FRVNAEIYGPQGIRDWLRMSLKSCRAKVPSKYKVHELILTQE[ 33]HVLQDETLDIKAGLLTHNVPCW--G VcaTLP1 (157) LAVLDRAKAAG--QTDPARQRHHVYGPPGLAELVRVSILSTGLSRRLQLPVLISELLLG[ 0 ]-GCWMRRSWRYGGDLQHRVPCW--G CreTLP1 (129) LALLDGAKVAR--QADPARRRHHVYGPPGLAELLRASMVVTGAAASLKLPLLITELRLA[ 1 ]LHMDDSPQLQVCLCLQHRVPCW--G TmaTRZ1 ( 61) VNIRNNG-------MGDREKPLDVFYPEGNRAVEEYTEFIKRANPDLRFSFNVHPLKEG[ 5 ]RNAGGFKRYVQPFRTKHVSSEVSFG AthTRZ1 ( 67) VATRG----------LYKMKPPTIIVPASIKETVESLFEVHRKLDSSELKHNLVGLDIG[ 1 ]EFIIRKDLKVKAFKTFHVIQSQ--G SmoTLP2 (146) LSPGVLP-----------P-PVVIYGPQGLRQYIRATLRACFARVPTKYTVHELLLNND[ 4 ]-NQQSQDLMHEDELYGDDLLCS--G CreTLP2 ( 94) LAVEGTAAAAAGRPLLALLAHPDVMAE--LRGHRLRELHSTGRPLESFASFHEVPSGTA[ 39]AAPGGCGLSVRPFRARHSETCY--G
Flexible arm GP motif
Motif IV [20] are included for comparison. The alignment was constructed using Clustal W [68] . Identical residues are on a black ground and conserved residues shared in gray. Also indicated above the alignment are the conserved motifs of tRNase Zs, which are labeled according to references [33, 40, 41] . The numbers in brackets indicate the length of the region in the protein, which are species-specific and could not be correctly aligned. Hyphens represent gaps introduced into sequences for maximum alignment. Amino acid residues predicted to be critical for activity are indicated by a star. 
PpaTRZ3 (158) YVVEEQPRT-----GRFDVHRAKELGVLPGPMYAKLQEGHSVTLKDGSTVNPSDVLGPPRKGRKAVILGDTSDSR---SLLVAARGADV OluTRZ2 (178) YVIDECDAS-----GRLDAEKCVEMGLPPGREYAMLKAGQSVTTKDGRVIRPEDVIGTPRPGRRLVHLGDTCDSS---SMVSLAQGADS MpuTRZ2 (174) YVVDEPDQP-----GRMDVERATALGLPPGPLYKKLKNGEPVTTADGVTIRPEDVLGPTRPGRRLCLLGDTCDSV---AIAELARGADV HsaTRZ1 (189) FSVVEKKRP-----GKLNAQKLKDLGVPPGPAYGKLKNGISVVLENGVTISPQDVLKKPIVGRKICILGDCSGVV-GDGGVKLCFEADL slr0050 (147) YRVEEKQRP-----GRFNVEQAEALGIPFGPIYGQLKQGKTVTLEDGRRIRGQDLCEPPEPGRKFVYCTDTVFCE---EAIALAQEADL EcoTRZ1 (148) YRIEEHDKP-----GALNAQALKAAGVPPGPLFQELKAGKTITLEDGRQINGADYLAAPVPGKALAIFGDTGPCD---AALDLAKGVDV BsuTRZ1 (147) YRVQEKDVP-----GSLKADVLKEMNIPPGPVYQKIKKGETVTLEDGRIINGNDFLEPPKKGRSVVFSGDTRVSD---KLKELARDCDV SmoTLP1 (182) YVLTEVKSE-----AE-----------------------------------KESAGETTRGSRKVVILGDTANSK---ALTTAGRDADV VcaTLP1 (236) YVFVE-----------------------------------------------GRPYEEGMRRRKVVVLGDTVSSR---PIAPLAAGCDV CreTLP1 (210) YVFAESVMP-----P-------------------------------------QAAAVPGARRRKVVVMGDTVSSR---AIAPLAAGCDV TmaTRZ1 (143) YHIFEVRRK-----LKKEFQGLDS-----------------KEISRLVKEKGRDFVTEEYHKKVLTISGDSLALD-----PEEIRGTEL AthTRZ1 (140) YVVYSTKYK-----LKKEYIGLSG-------------------NEIKNLKVSGVEITDSIITPEVAFTGDTTSDFVVDETNADALKAKV SmoTLP2 (219) NDSYPLVED-----DHLNVISWSLCQ--------------------KKQSCGFIYKETGTSGNSIALVSRKSER---VPWCLKAKDVDV
CpaTrz S1 -
EgrTrz S1 -
MguTrz S1 -
OsaTrz S1 C MANSGKSSPAATSTTAPPPGRPKAKAPPLTVEGYPVEGISIGGQETCVIFPT (52) OsaTrz2
PtrTrz S1 -PtrTrz2 PtrTrz S2 C MQISIPL (7) PpeTrz1 PpeTrz S1 -
RcoTrz S1 -
Identification of the putative chloroplast targeting signals was made by using ChloroP http://www.cbs.dtu.dk/services/ChloroP/. Chl stands for the chloroplast. C indicates chloroplast localization. "-", the localization could not be predicted. The numbers refer to amino acid positions starting from the N-terminus. Sequence comparison reveals that except for the Nterminal regions, tRNase Z S s from the flowering plants appear to be more similar to each other than to either the basal land plants or green algae (Figure 3 ). Furthermore, the sequences of the green plant tRNase Z S s are highly divergent from those of T. maritima, B. subtilis, E. coli and human tRNase Z S s. For example, A. thaliana tRNase Z S1 (AthTRZ1) and tRNase Z S2 (AthTRZ2) exhibit only 17% -24% and 16% -21% identity (25% -35% and 27% -31% similarity), respectively, with those from T. maritima, B. subtilis, E. coli and humans. Overall, the sequence conservation between the green plant tRNase Z S s and non-plant species is largely confined to the highly conserved motifs of tRNase Zs.
Unexpectedly, careful examination of the sequences of green plant tRNase Z S s reveals that most of the proteins possess several unique features that distinguish them from bacterial-type tRNase Z S s and thus justify their classification as TM-type tRNase Z S . The sequence logos for motifs unique to TM-type tRNase Z S s are presented in Figure 4 
The putative nuclear localization signals were predicted using PSORT http://psort.hgc.jp/form.html, while the putative mitochondrial targeting signals were predicted using MITOPROT http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html. Nuc: stand for the nucleus; Mito: mitochondria. N indicates nuclear localization and M denotes mitochondrial localization. "-", the localization could not be predicted. The numbers refer to amino acid positions starting from the N-terminus.
0.1
AlyTRZ1 AthTRZ1 This Lys-and Leu-rich motif was previously unappreciated in A. thaliana, likely due to the limited number of plant sequences available at the time analysis was performed [39] . As might be expected, there are variations in the consensus sequence (Figures 3 and 4) .
Second, most green plant tRNase Z S s lack the PxKxRN motif normally present on the amino side of Motif I. Instead, they share a Gly-rich consensus sequence EGxSxxG in an analogous position to the PxKxRN motif ( Figure 3) . In some cases, variants in the consensus sequence are found (Figures 3 and 4) . Notably, there is very weak sequence similarity between this motif and the corresponding region in T. maritima tRNase Z S .
Third, most green plant tRNase Z S s contain conserved xExT and HxH motifs in place of the HEAT and HST motifs, respectively. The xExT motif is related to the HEAT motif except that the invariant His is replaced by a Thr/Met/Val/Leu residue and the invariant Ala is often replaced by Ser, or occasionally Met, Thr and Cys (Figures 3 and 4) . In contrast, the HxH motif is related to the HST motif, except that the conserved Ser is mostly replaced by Thr, and the conserved Thr is substituted by His (Figures 3 and 4) . Based on the structural and mutagenesis studies, it has been suggested that the Glu of the HEAT motif and His of the HST motif play a role in facilitating proton transfer at the final stage of reaction [25, 29, 40] . In particular, the His residue is implicated as the proton donor. It is highly likely that the conserved Glu-His pair from the xExT and HxH motifs in the TM-type tRNase Z S s may also participate in the terminal proton transfer reaction.
Multiple sequence alignment of bacterial-type tRNase Z S s from the basal plant P. patens (PpaTRZ3) and green algae reveals that in addition to the well conserved Motifs I-V, these candidates possess a bacterial-type flexible arm containing the GP, HEAT and HST motifs, and the variant PxKxRN motif, in which Lys is replaced with Leu ( Figure 1 ).
Conservation of tRNase Z L s in green plants
Since tRNase Z L can be divided into the N-terminal and C-terminal halves, which are related by weak sequence similarity, we aligned these two halves separately. The alignment of the N-terminal and C-terminal halves of representative candidate tRNase Z L s from diverse green plant species are shown in Figures 5 and 6 , respectively. Two non-plant eukaryotic tRNase Z L s from D. melanogaster and humans were included for comparison. A complete list of all aligned green plant tRNase Z L s identified here is given in Additional file 5.
Except for the N-terminal regions, candidate tRNase Z L s from land plants share a high degree of overall sequence similarity to each other. In contrast, candidate tRNase Z L s from the four green algae show relatively low overall sequence similarity to each other and to the land plant tRNase Z L s. In particular, their N-terminal halves are highly divergent compared to those from the land plants. Furthermore, sequence similarity between land plant tRNase Z L s and their homologs in green algae, D. melanogaster and humans is limited to the conserved motifs identified in tRNase Zs.
The N-terminal halves of all green plant tRNase Z L s contain a conserved eukaryotic-type flexible arm domain containing the GP motif. In addition, the N-terminal halves of the proteins also contain a pseudo-PxKxRN motif and pseudo-Motifs I and II, which differ from their original motifs in many positions including critical residues for tRNase Z functions ( Figure 5 ). These pseudo-motifs were previously identified in candidate fungi tRNase Z L s [51] . In contrast, the C-terminal halves of green plant tRNase Z L s harbor conserved Motifs I-V and the PxKxRN, HEAT and HST motifs ( Figure 6 ). These motifs appear in the same relative order in all the sequences in which they are present.
Many chloroplast tRNA genes encode a portion of the 3'-CCA sequence
It has been suggested that many chloroplast tRNA genes encode partial CCA sequences [55] . However, this conclusion was primarily based on the examination of the 3'flanking sequences of tRNA genes from three chloroplast genomes. To determine if this conclusion holds true when more chloroplast genome sequences are now available for analysis, we examined the presence of tRNA genes encoding whole or partial CCA sequences in 15 chloroplast genomes. The results obtained were tabulated in Table 4 .
Indeed, we found that many tRNA genes in the chloroplast genomes encode partial CCA sequences, which could serve as part of the CCA sequence (Table 4 ). For instance, in the A. thaliana chloroplast genome, 31% of tRNA genes encode the whole or partial CCA sequences. Moreover, many chloroplast tRNA genes encode the first base of the CCA sequence. For example, of the 37 A. thaliana chloroplast tRNA genes examined, 11 had C after the discriminator.
Discussion
The presence of multiple tRNase Zs in green plants Unlike C. elegans, D. melanogaster, humans and most fungal species examined to date, green plants are unique in that they possess multiple tRNase Zs. Of the 27 complete green plant genomes analyzed, the majority of them encode two tRNase Z S s and one or two tRNase Z L s. It is reasonable to expect that the existence of multiple tRNase Zs would be common to green plants. This phenomenon appears to have arisen from genome doubling (polyploidy), which seems to be a driving force in 
CreTRZ1 ( 50) DTRQTKLAVSGWELEGISISGQETSIIVPRAK---VTFDIGRCPQRACF--------QQTVLLSHTHLDHVGGLPFHVCTRNMLQ-----LPPSKVVVPQGFSAGVRKLMDAVL-------------VcaTRZ1 ( 23) DSRQNKIIVCGMELEGVSISGQETSIIFPRGK---VTFDIGRCPQRACF--------QQTVLLSHAHLDHVGGLPFHVCTREMLS-----LPASRVVVPQGFAAGVRKLVDAAR-------------MpuTRZ1 ( 99) KERHAVHTLAGFRVEGVSVGGQETCVILPQLK---IAFDSGRCPQRAVY--------ADTLCLSHTHMDHVGGAGFYIASRALVS-----LPPPSVLIPAERAAAFDAFIRSLR-------------OluTRZ1 ( 32) RDRHAVHELAGYKIEGVSVGGRETSVVLPALG---VAFDSGRCPQRCVY--------ADVMCLSHTHMDHVGGCGMYIATRGLLS-----LTPPTVLLPSARREAFGTFIESLR-------------PpaTRZ1 ( 16) RSKTGALEVDGLSIEGVSVGGQETCILIPALK---LAFDIGRCPERAIS--------QDFLFISHAHMDHIGGVCMYVATRGLFK-----MKPPTVIVPKCLKPTVEKLFDVHR-------------
18) MEMSKGIQIEGYPIKGLSIGGHETCIIFPTLN---LAFDIGRCPQKAIS--------QDFLFISHGHMDHIGGLPLYVATRGLYK-----MGPPTIIVPKSIKNDVENLLEVHR-------------AthTRZ2 ( 70) AVNRKGVELESYAIEGISVGGHETCVIVPELK---CVFDIGRCPSRAIQ--------QKFLFITHAHLDHIGGLPMYVASRGLYN-----LEPPKIFVPPSIKEDVEKLLEIHR-------------MguTRZ2 ( 79) EVNRKGVGLDGYSVEGLSIGGHETCVIVPELK---TAFDIGRCPSRAVQ--------QNFLFITHAHLDHIGGLPMYIATRGLYN-----LKPPTVFVPPCIKEDVERLIDIHR-------------CclTRZ2 ( 70) AVVRKGIDLEGYTIEGVSIGGHETCVIIPELK---CAFDIGRCPTRAIQ--------QNFVFITHGHLDHIGGLPMYVASRGLYN-----LKPPTIFVPPSIKEDVEKLFEIHR-------------EgrTRZ2 ( 73) EVARKGVDVEGFSIEGVSVGGHETCVIVPEFK---CAFDIGRCPTRAIH--------QNFVFITHAHLDHIGGLPMYVAFRGLYN-----LKPPTVFVPPCIKEDVEKLLDIHR-------------CsaTRZ2 ( 64) QVNRKGVDLEGYSIEGISVGGQETCVIIPEFK---CAFDIGRCPSRAIQ--------QNFVFITHAHLDHIGGLPMYVASRGLYS-----LSPPTVFLPASIKEDVEKLLEIHR-------------VviTRZ2 ( 70) EVARNGVDLEGYSIEGISIGGHETCVIIPELK---SAFDIGRCPSRAIQ--------QNFLFITHAHLDHIGGLPMYVATRGLYN-----LKPPTIFVPPCIKEDVEKLFDIHR-------------GmaTRZ2 ( 69) QVSRKVLDLEGYSIEGLSVGGQETCIIIPEFK---CSFDIGRCPSRAIQ--------QNFLFITHAHLDHIGGLPMYVASRGLFN-----LKPPTVFVPPCIKEDVEKLLDIHR-------------OsaTRZ2 ( 81) QVHRKGVEVEGYAIEGVSVGGHETCVTVPSLN---VAFDIGRGPLFAVS--------QDYLFITHAHLDHIGGLPMYIATRGLYN-----LKPPVVFVPPCIKDDVEDLLQIHR-------------ZmaTRZ2 ( 73) QVQRKGVEVEGYAIEGISVGGHETCITVPSLN---VAFDIGRGPQFAVS--------QDYLFITHAHLDHIGGLPMYIATRGLYN-----LKPPTVFVPPCIRDDVEDLLQVHR-------------TmaTRZ1 ( 1 ) -----------MNIIGFSKALFSTWIYYSPER---ILFDAGEGVSTTLG---SKVYAFKYVFLTHGHVDHIAGLWGVVNIRNNGM--GDREKPLDVFYPEGNRAVEEYTEFIKR-------------BsuTRZ1 ( 1 ) --MELLFLGTGAGIPAKARNVTSVALKLLEERRSVWLFDCGEATQHQILHTTIKPRKIEKIFITHMHGDHVYGLPGLLGSRSFQG----GEDELTVYGPKGIKAFIETSLAVTK-------------HsaTRZ1 ( 1 ) MSMDVTFLGTGAAYPSPTRGASAVVLRCEGEC---WLFDCGEGTQTQLMKSQLKAGRITKIFITHLHGDHFFGLPGLLCTISLQSGSMVSKQPIEIYGPVGLRDFIWRTMELSHTELVFHYVVHELV
Motif III KL Motif
CreTRZ1 (148) -------------------ELQSSPPIDYEVLELEAGQDFELPSG----FLCRTFPTTHAIPSQGYVLYS------QRK-KLKAELQGKSQAEIKELRFS-------GVDVSETHQVPE------IA VcaTRZ1 (121) -------------------ELQGSPPLDYQVLELQLGEDHVLPSG----YLCRCFPTTHTITSQGYVLYS------QRR-KLKAELQGKSQEEIRQLRLA-------GQDVTDTVAVPE------IA MpuTRZ1 (197) --------------------ELDASELPHHLVPISPGETHVVSKL----HVVRPFQTIHPVASQGYVVYG------TKE-KLKAEHAGKTGAQIKALRDA-------GAKVTDTIEVPE------VA OluTRZ1 (130) --------------------ALDDSELNHRAIGIDPGERYAMNKL----FEIAAFRTRHPVPSQGYVVYG------TKQ-KLKPAYAGLSGPEIKRLRDD-------GEQVTDKVEVPE------VA PpaTRZ1 (114) --------------------ELDGSELKHQLIGLDIGEEFNMGKN----LVVKAFKTYHVVPSQGYVVYS------VKN-KLKPEYLGLPGQKIKELKMS-------GVQITDTLRVPE------VA PpaTRZ2 (239) --------------------ELDESPLPVNLIGMDIGEEFDLGKG----LIVKAFKTYHVVPSQGYVIYT------VKQ-KLKAEHVGLPGKEIKALRES-------GVEVSETVRISE------VA SmoTRZ1 (117) --------------------ELDQAELSMKLVGLDIGEEYDLGKG----YIVKPFKTYHVIPSQGYIIYA------VKN-KLKPEYVGLPGDKIKSLRFS-------GVEVTNVTRSPE------VA OsaTRZ1 (121) --------------------SMDQSELSHNLVPLEIGQEHELRRD----LKVKAFKTYHAIPSQGYVIYT------VKQ-KLKPEYLGLPGSEIKQLKLS-------GVEITNTLTVPE------IA ZmaTRZ1 (121) --------------------AMDQSELNHNLVPLEVGEEYELRRD----LKVRAFRTYHAIPSQGYVIYS------VKQ-KLKQEFIGLPGSEIKRLKLS-------GVEITNTVSTPE------IA AthTRZ1 ( 99) --------------------KLDSSELKHNLVGLDIGEEFIIRKD----LKVKAFKTFHVIQSQGYVVYS------TKY-KLKKEYIGLSGNEIKNLKVS-------GVEITDSIITPE------VA CsaTRZ1 (116) --------------------RLDQSELRCNLIGLEVGEELSLRRD----LKVRVFRTYHVIDSQGYLLYS------VKQ-KLKKDYLGLSGNEIKKLRLS-------GVEITYTITEPE------VA GmaTRZ1 ( 98) --------------------KMDQSELKHNLIGLDVGEEFYLRKD----LKVKAFRTYHVIPSQGYILYS------EKQ-KLKPEYVGLSGNEIKNLKSS-------GVEITYTLTEPE------IA CclTRZ1 (107) --------------------RMDHSELNHTLVGLDVGEEFCMRKD----LFVKAFKTYHVIQSQGYVVYS------VKQ-KLKQEYLGLPGDEIKKLKSS-------GTEITYTVTTPE------VA MguTRZ1 (125) --------------------AMDHSELNHTLIGLDVGEEFYLRRD----LKVRAFRTYHVIPSQGYIVYS------VRQ-KLKQEYVGLTGAEIKNLKQS-------GVEITDTYTSPE------VA AcoTRZ1 (102) --------------------DMDQSELKCNIIGLNIGEEYQLRKD----LVVKAFRTYHVIPSQGYIVYC------VKH-KLKQEYVGLPGNEIKKLKLS-------GVEITETSTSPE------IA VviTRZ1 (109) --------------------AMDESELKHNLIGLNVGEEFYLRKD----LKVRAFRTYHVIPSQGYVVYS------VKQ-KLKQEYVGLPGNEIKNLKLS-------GVEITYTMTTPE------IA EgrTRZ1 (128) --------------------KMDNSELKHNLIGMDVGEEIYIRRD----VKVRAFRTYHVIPSQGYVVYS------VKE-KLKQDYMGLPGNKIRDLKLS-------GVEITYTTTTPE------VA AthTRZ2 (168) --------------------TMGQVELNVELIPLAVGETYELRND----IVVRPFATHHVIPSQGYVIYS------VRK-KLQKQYAHLKGKQIEKIKKS-------GVEITDTILSPE------IA MguTRZ2 (177) --------------------VMGRVELNVDLVPLDVGETYEMRND----IVVRPFETHHVIPSQGYVIYS------VRK-KLRKQYTHLKGKQIEKLKKS-------GVEITDTILSPE------VA CclTRZ2 (168) --------------------SLGNVELNLDLVALDVGETYEMRND----IVVRPFKTHHVIPSQGYVIYL------LRK-KLKKQYIHLKGKQIEKLKKS-------GVEITDIILSPE------VA EgrTRZ2 (171) --------------------TMSQVELNLDLVALDVGETYELRNN----LVVRPFKTNHVLPSQGYVIYS------VRK-KLKKRYIHLKGNRIENLKKS-------GVEITDTILSPE------VA CsaTRZ2 (162) --------------------NMGQVELDVDLVALDVGETYEMRNN----LVCRAFETHHVIPSQGYVIYS------VRK-KLKKQYMHLKGKQIEKLKKS-------GVEITDTILSPE------VA VviTRZ2 (168) --------------------ALSQVELKLDLVALDVGETYEMRNN----LVVRPFKTHHVIPSQGYVIYT------VRK-KLKKQYIHLKGKQIEKLKNS-------GIEITDTILSPE------VA GmaTRZ2 (167) --------------------TMGQVELNAEVVALDVGETYEIRNN----LVVRPFKTQHVIPSQGYVVYS------IRK-KLRKQYAHLNGKQIEKLKKS-------GVEITDMMLSPE------VA OsaTRZ2 (179) --------------------RMSQVDLKVELVALDLGETFEIRND----LVARPFETHHAIPSQGYVIYS------VRR-KLKKQYAHLKGNQIMKMKQS-------GAEITDTILYPE------VA ZmaTRZ2 (171) --------------------RTSQIELKVELVALDLGETYEIRND----LVARPFQTYHTIPSQGYVIYS------IRR-KLKKQYAHLKGSQIMKLKQT-------GTEITDTILYPE------VA TmaTRZ1 ( 96) --------------------ANPDLRFSFNVHPLKEGERVFLRNAGGFKRYVQPFRTKHVSSEVSFGYHIF----EVRR-KLKKEFQGLDSKEISRLVKE------KGRDFVTEEYHKKV-----LT BsuTRZ1 (109) ------------------------THLTYPLAIQEIEEGIVFEDD---QFIVTAVSVIHGVEAFGYRVQEKDVPGSLKADVLK-EMNIPPGPVYQKIKKGETVTLEDGRIINGNDFLEPPKKGRSVV HsaTRZ1 (125) PTADQCPAEELKEFAHVNRADSPPKEEQGRTILLDSEENSYLLFDD-EQFVVKAFRLFHRIPSFGFSVVEKKRPGKLNAQKLK-DLGVPPGPAYGKLKNGISVVLENGVTISPQDVLKKPIVGRKIC
Motif IV xExT HxH
Motif V [30] , B. subtilis (BsuTRZ1) [60] , humans (HsaTRZ1) [14] . Protein accession numbers are shown in Table 1 . Alignment presentations are as described in the legend to Figure 1 . [16] and humans (HsaTRZ2) [14] are included for comparison. The annotation of the alignment is as described in the legend to Figure 1 . plant evolution and variation [56] . However, there seems to be no correlation between the number of tRNase Zs and genome size ( Table 5 ).
CreTRZ1 (232) FTGDTTSAFLDA-ETNATLEDALKAKVLCIEMTFISEDVTVEEARGKGHMHITDFVAHA--HRFQNETIVLIHFSPRYKR--------SEILHQLDIMLPPALRAKCVPLLNGIE--------VcaTRZ1 (205) FTGDTTAGFLDG-PGCATLEDALKARVLIMEMTFLCDDVTVDEARDKGHMHIADFVANA--HRFQNEAIVLIHFSPRYKR--------TDIITTLNTMLPPSLMAKCVPLLNGIE--------MpuTRZ1 (280) FTGDTSAEWIRRA----TATDALRAKLLICECTFVDDAVSPEGARDFGHTHIDELAAAARDGKFQNEAVLLIHFSARYRG--------REIEDAIAEKFPEEFAKRVTPLLVGFAP-------OluTRZ1 (213) FTGDTTGDWIDDP----ANADALRAKLLIMECTFIDDAVSKHDAERFGHTHIDDIVARA--DKFQNEAILLIHFSARYKA--------EEVRAALKAKLPRALYEKCTPMLVGFD--------PpaTRZ1 (197) FTGDTTPDFILDD----ANIDALQAKLLIMETTFLDDAVTIQHAREYGHTHLSEVIKYA--NRLLNKSILFIHFSARYK---------REEILRAVEELPPPLQGRVAALTEGF---------PpaTRZ2 (322) FTGDTTSGFFLDE----ANEDVLHAKLLIMESTFLDDSTSVEDANKYGHMHLFEVLAHA--DKFKNKDILFIHFSARYQ---------QEDICKAIENIPAPLQGRVHALTEGF---------SmoTRZ1 (200) FTGDTTVDFIGDE----NNADVLRAKLLIMEATFINDSGTVEHAREYGHSHLSEIVALS--DKFQNKAILLIHFSARYS---------KQEIIEAIEKLPETLKSRTYALTEGFF--------OsaTRZ1 (204) FTGDTMADFILDP----DNADVLKAKILVVESTFVDDSVTIEHAREYGHTHLFEILNQC--DKLENKAILLIHFSARYT---------AEEIDIAINKLPPSFRSRVHALKEGF---------ZmaTRZ1 (204) FSGDTTADFILDP----DNADVLQAKILVVESTFLDDSISVEHAREYGHTHLFEITSQA--DKLQNKAILLIHFSARYT---------TEEIDAAINKLPPSFRSRVYALKEGF---------AthTRZ1 (182) FTGDTTSDFVVDE----TNADALKAKVLVMESTFLDDSVSVEHARDYGHIHISEIVNHA--EKFENKAILLIHFSARYT---------VKEIEDAVSALPPPLEGRVFALTQGF---------CsaTRZ1 (199) FTGDTTSDFIVDE----NNIDVLRAKILVMESTFLENRVKVEHAREYGHTHLFEIINHA--KKFKNKAILLIHFSARYTT--------EVFYYLFDRYGCCGLRNYSTSLKEAGFSC------GmaTRZ1 (181) FTGDTMSDFIVDE----NNTDVLRARILVLECTFVNNSITVEHARDYGHTHLSEIISYA--ESLQNRAILLIHFSARYT---------VEEIQHAVSALPPSLSGRTFALTEGF---------CclTRZ1 (190) FTGDTMSDFIVDE----ANIDVLRARILVMESTYVDDSTTVEQARDYGHTHLSEIVEYA--EKFENKAILLIHFSARHK---------VDEIRRAVDAVPAPLAGRVFALTEGF---------MguTRZ1 (208) FTGDTMSDFIVDP----ENIDALRAKILIMESTFVEDSSKVEDAREYGHTHLSEIIGYA--DMFQNKAILLIHFSARYQ---------LDVIEKAISGLPPPLAGRVFALTKGF---------AcoTRZ1 (185) FTGDTMSDFIVDP----NNVDALSAKILVLESTYVDNTMTVQNARDYGHIHLSEIKYHA--DRFHNKAILLIHFSARYK---------LDEIKAAVSAMPPSLEGRVFALTNGF---------VviTRZ1 (192) FTGDTMSDFILDH----TNVDALMARVLIMESTFVDNTVTVEHAREYGHTHLSEIVSYA--DRFQNKAILLIHFSARYT---------TDEIQEAVSALPPPLGGRVFALTEGF---------EgrTRZ1 (211) FTGDTTSDFIHDE----NNADVLRAKILIMESTFVDDKVTVEHAKDYGHTHLSEIVGCA--DRFANKAILLIHFSARHK---------REEIEAAISALGPPLAGRVFAMTEGF---------AthTRZ2 (251) FTGDTTSEYMLDP----RNADALRAKVLITEATFLDESFSTEHAQALGHTHISQIIENA--KWIRSKTVLLTHFSSRYH---------VEEIREAVLKLQSKVSAKVIPLTEGFRSRYS----MguTRZ2 (260) FTGDTTSDFFLDP----RSADALRAKILITEATFLDESVSVEHAREHGHTHLSEIMEHA--QWIRNQTVVLTHFSSRYH---------IEDIRQAVSKLQSKVSAKVIGLTEGFKSLYNT---CclTRZ2 (251) FTGDTTSEFMLNP----RNADALRAKILITEATFLDDEMSIEHAQQHGHTHLSEIIENA--KWIRNKAVLLTHFSSRYH---------IEDIRQAVLKLQSKVSAKVVPLTEGFKSVYTS---EgrTRZ2 (254) FTGDTTSDYMLNP----RSADALRAKVLITEATFLDDNISIEHAQQHGHTHLFEIIEHA--QWIRSKAILLTHFSSRYN---------VEDIRQAASKLQSKVSAKVVTLTEGFKSAYS----CsaTRZ2 (245) FTGDTTPDFMLDP----RNADALRAKILITEATFLDEAVSIEHARQHGHTHIFEIIENA--QWIRNKAILLTHFSSRYH---------IEDIRKAVSKLQSNLTAKVVPLTEGFKSEY-----VviTRZ2 (251) FTGDTRSDFMLEP----RNADALRAKVLITEATFLDNGISIDHAREHGHTHLFEIIENA--EWIRNKAVLLTHFSSRYH---------IEDIRKAVSKLQSKVSARVVPLMEGFKSMYA----GmaTRZ2 (250) FTGDTTSDFMLDP----CNADALRAKIFITEATFLDDSFSIDHARQHGHTHLFEIIANA--QWIRNEAVLLTHFSPRYT---------IEDIRQAASKLQSRLSAKVVPLTEGFKSMYS----OsaTRZ2 (262) FTGDTKSDFILDP----RNADALRAKVLITEATFLDDQIDVDHAREHGHMHLSEIMEHS--QWFRNKAIVLTHFSNRYS---------LEDIRQAVSKLQSKLSSKVVALTEGFKSDYR----ZmaTRZ2 (254) FTGDTKSDFILDP----RNADALRAKVLITEATFLDDHVDVEHAREHGHMHLSEIMEHF--QWFRNETIVLTHFSNRYS---------LEDIRQAVSRLQPKLNSKVVALTEGFKSDYR----TmaTRZ1 (187) ISGDSLA---LDP------EEIRGTELLIHECTFLDARDR----RYKNHAAIDEVMESV--KAAGVKKVILYHISTRYIR-------QLKSVIKKYREEMPDVEILYMDPRKVFEM-------BsuTRZ1 (208) FSGDTRV---SDK----LKELARDCDVLVHEATFAKEDRK--LAYDYYHSTTEQAAVTA--KEARAKQLILTHISARYQG-----DASLELQKEAVDVFPNSVAAYDFLEVNVPRG-------HsaTRZ1 (250) ILGDCSGVV-GDG----GVKLCFEADLLIHEATLDDAQMD--KAKEHGHSTPQMAATFA--KLCRAKRLVLTHFSQRYKPVALAREGETDGIAELKKQAESVLDLQEVTLAEDFMVISIPIKK
An unexpected observation in this study is that most green plant tRNase Z S s, which are clearly distinct from the bacterial-type tRNase Z S , represent the TM-type tRNase Z S . A comparison of motifs found in three different types of tRNase Zs from green plants is provided in Figure 7 . Our phylogenetic analysis also supports the existence of both the TM-and bacterial-types of tRNase Z S s in green plants (Figure 2 ). The TM-type tRNase Z S was previously found only in the hyperthermophilic bacterium T. maritima and the flowering plant A. thaliana, and thus, it was originally thought to be a minor type. Our data greatly expand the repertoire of this type of tRNase Z. Although it remains to be determined if the TM-type tRNase Z S is also widespread in other taxonomic groups, the prevalence of the TM-type tRNase Z S in green plants suggests that this type might be plantspecific.
In contrast to the TM-type tRNase Z S , which is widespread in the green plants, the bacterial-type tRNase Z S is only present in the basal land plants and green algae. Sequence analysis reveals that the two types of tRNase Z S s are related to but distinct from each other, suggesting that they likely arose from the same ancestral Table 4 The distribution of the trinucleotide sequences immediately after the discriminator nucleotide in chloroplast tRNA genes tRNase Z S gene, followed by sequence divergence. Since the flowering plants possess only the TM-type tRNase Z S , the bacterial-type tRNase Z S has apparently been lost during the course of plant evolution whereas the TM-type tRNase Z S has been maintained. Interestingly, the bacterial-type tRNase Z S is also found in humans.
Although the precise function of human tRNase Z S is unknown, it may play a role in degradation of a subset of microRNAs (miRNA) in the cytoplasm [57] . It is likely that multiple tRNase Zs found in the flowering plants are localized in different subcellular compartments. In most of the flowering plants examined, the two TM-type tRNase Z S s (tRNase Z S1 and tRNase Z S2 ) are predicted to be either in the cytosol or in the chloroplast, whereas one of tRNase Z L (tRNase Z L1 ) is predicted to contain both nuclear and mitochondrial targeting signals. The second tRNase Z L (tRNase Z L2 ) found in some plants either contains or lacks a predicted mitochondrial targeting signal. These predictions are generally supported by recent subcellular localization studies of A. thaliana tRNase Zs [20] . A. thaliana tRNase Z S1 (AthTRZ1) and tRNase Z S2 (AthTRZ2) are localized in the cytoplasm and chloroplast, respectively, whereas A. thaliana tRNase Z L1 (AthTRZ3) and tRNase Z L2 (AthTRZ4) are targeted to both the nucleus and mitochondria, and the mitochondria, respectively [20] .
Based on their predicted subcellular localization, it is most likely that tRNase Z S2 and tRNase Z L1 are involved in the 3'-ends processing of pre-tRNAs in the chloroplasts, and both the nucleus and mitochondria, respectively, whereas tRNase Z L2 either serves as a back-up for mitochondrial pre-tRNA 3'-end processing or plays a specialized, yet to be discovered function. The function of tRNase Z S1 is unknown. It may play a role in repair of incorrectly processed 3'-ends of tRNAs in the cytosol. Alternatively, tRNase Z S1 could also participate in nuclear pre-tRNA 3'-end processing, as suggested by the observation that deletion of both A. thaliana tRNase Z S1 (AthTRZ1) and tRNase Z L1 (AthTRZ3) results in a lethal phenotype [20] .
TM-type
Bacterial
The plant TM-type tRNase Z S s may not recognize the CCA sequence as an anti-determinant
The CCA triplet following the discriminator generally inhibits tRNase Z activity, with the first C at nucleotide position 74 having the greatest effect [25, 33, 58] . This anti-determinant property of the CCA sequence is thought to prevent removal of the 3'-terminal CCA sequence from mature tRNAs, and thus avoids futile cycles of CCA addition and removal [33, [58] [59] [60] . However, unlike other types of tRNase Zs, the TM-type tRNase Z does not appear to recognize the CCA sequence that is downstream the discriminator and present in the trailer sequence as an anti-determinant. The recombinant T. maritima tRNase Z S cleaves after the CCA sequence which is encoded by all but one tRNA gene, leaving the CCA sequence intact [30] . Similarly, the recombinant A. thaliana tRNase Z S can process pre-tRNAs with the 3'-terminal CCA sequences embedded in the trailer sequence, albeit at a different position [61] . Like the recombinant proteins, a partially purified spinach chloroplast tRNase Z fraction can also cleave pre-tRNAs containing complete or partial CCA sequences after the first C 74 regardless of the sequence of the flanking region [55] . Importantly, the remainder of the CCA sequence can be added by chloroplast tRNA nucleotidyltransferease [55] . However, A. thaliana tRNase Z S appears to be unusual in that it can also cleave off the 3'-terminal CCA sequence from mature tRNAs in vitro [61] . Since mature tRNAs must be protected from counterproductive cleavage by tRNase Z S in vivo, it is likely that the plant chloroplast protein may acquire the ability to recognize the 3'-terminal CCA sequence as the mature tRNA 3'end via cofactors [61] .
Sequence determinants potentially involved in cleavage specificity
The mechanisms responsible for cleavage site selection and CCA inhibition are not fully understood, but appear to involve a combination of sequence features. First, the flexible arm has been suggested to contribute to cleavage site selection and the inhibitory effect of the CCA sequence [62] . This tRNase Z-specific element is located on the opposite side of the active site and binds primarily the D and T loops of the pre-tRNA [28, 39, 63] . Notably, the flexible arms of the T. maritima and plant tRNase Z S s lack the GP motif but contain the KL motif. Additionally, they are significantly smaller in length relative to those of other tRNase Zs possessing the antideterminant function. Structural studies reveal that although TM-and bacterial-types of flexible arms share a similar overall structure which is composed of a compact globular domain and an extended two-stranded stalk and protrudes from the protein core, they have different globular domains [25] [26] [27] [28] 64] . In the TM-type flexible arm, the globular domain consists of one very short a-helix, one long helix and one 3 10 -helix, whereas in the bacterial-type flexible arm, it is composed of two αhelices, two b-strands and one 3 10 -helix. It would be interesting to know how the differences in the sequence feature, length and topology of the flexible arm may contribute to cleavage specificity by the enzymes.
Another possible motif involved in selection of the cleavage site has been suggested to be Motif I which appears to participate in binding the acceptor stem of pre-tRNA substrates [33, 62] . In vitro studies using the recombinant T. maritima tRNase Z S has suggested that the Ser31 and Thr33 residues of Motif I are involved in the cleavage site selection, with the former residue being more critical [30] . However, only individual, but not simultaneous mutations of these two non-Gln residues to Gln (which are found at the corresponding positions in other tRNase Zs with the CCA anti-determinant) in T. maritima tRNase Z S affects the cleavage site selection [62] .
In addition to the flexible arm and Motif I, the PxKxRN motif, in particular, the two basic residues in the motif, has also been suggested to be involved in the cleavage specificity and, by inference, CCA inhibition of tRNase Zs, since this motif is absent from T. maritima and A. thaliana [33] . Strikingly, tRNase Z S s found in all flowering plants examined so far also lack this motif ( Figure 3 ). However, since the archaeon Methanococcus jannaschii tRNase Z S harbors a PxKxRN motif but cannot recognize the CCA sequence as an anti-determinant in vitro, suggesting that other sequence elements may also be involved in the cleavage specificity of tRNase Z [61] . Alternatively, it has been suggested that a high enzyme concentration used in the assay may contribute to the lack of a CCA anti-determinant effect with the M. jannaschii tRNase Z S [33] .
Why is the TM-type tRNase Z S developed for chloroplast pre-tRNA 3'-end processing?
The discovery that the TM-type tRNase Z S is widespread in green plants raises a question as to why plants adopt the TM-type tRNase Z S over other types of tRNase Z for the 3'-end processing of chloroplast pre-tRNAs. One possible explanation is that the TM-type tRNase Z S identified in plants has evolved to adapt to chloroplast pre-tRNA 3'-end processing. It has previously been suggested that many plant chloroplast tRNA genes encode C 74 based on a limited number of available chloroplast tRNA genes [55] . To see if this conclusion could be extended to more flowering plants, we have examined the 3'-flanking region for tRNA genes in additional chloroplast genomes. Indeed, many chloroplast tRNA genes seem to encode partial CCA sequences ( Table 4 ).
The development of the TM-type tRNase Z S may be particularly important for chloroplasts, which have a limited but sufficient number of self-encoded tRNA species and do not import tRNAs [65, 66] . As all possible codons are used in the chloroplast protein-encoding genes, all chloroplast tRNA species appear to be used in protein synthesis [66] . Thus, efficient 3'-end processing of each pre-tRNA by tRNase Z may be critical in ensuring maximum efficiency in chloroplast protein synthesis.
The presence of candidate tRNase Z-like proteins in green plants tRNase Z S -like proteins have previously been found in cyanobacteria including Synechocystis sp. PCC 6803 [67] and fungi [51] , whereas tRNase Z L -like proteins have not been reported. In Synechocystis, one tRNase Z S -like protein (sll1036) has been identified. This protein does not exhibit any tRNase Z activity in vitro, consistent with the lack of some of the most conserved motifs of tRNase Zs in the protein sequence [67] . Since candidate tRNase Z-like proteins found in basal land plants and green algae either lack all or some of the conserved motifs of tRNase Zs, they most likely possess no tRNase Z activity.
It has been suggested that tRNase Z L has arisen from the fusion of duplicated tRNase Z S genes with further sequence diversification. It is possible that tRNase Z Slike proteins found in the basal land plants and green algae may represent relics of original tRNase Z S that were mutated during diversification of eukaryotic tRNase Z genes. Alternatively, these proteins may play species-specific functions as suggested for cyanobacterial tRNase Z S -like proteins [67] . The predominant presence in the basal land plants and green algae of tRNase Zlike proteins also suggests that duplication of ancestral tRNase Z S genes may occur early in green plant evolution.
Conclusions
This study represents the first large-scale identification and analysis of green plant tRNase Zs. Our survey of current plant genome databases shows that green plants are represented by multiple tRNase Zs, which include one or two tRNase Z L s and two tRNase Z S s. One tRNase Z L is predicted to participate in 3'-end processing of nuclear and mitochondrial pre-tRNA, whereas the other is likely to provide a backup for mitochondrial pre-tRNA processing. It appears that most tRNase Z S s, which is widespread throughout the green plants, belong to a minor but highly distinct type of tRNase Z S (TMtype). In contrast, the typical bacterial-type tRNase Z S is restricted to basal land plants and green algae. The apparent lack of the bacterial-type tRNase Z S in flowering plants suggest that while both types were present in the basal land plants, the bacterial-type tRNase Z S was discarded in favor of TM-type during plant evolution. Based on our results and previous studies, we propose that like T. maritima tRNase Z S , TM-type tRNase Z S s found in green plants seem not to recognize the CCA sequence as an anti-determinant and that the rise of this type of tRNase Z S appears to accommodate the 3'-end processing of chloroplast pre-tRNAs with partial or whole CCA sequences. This unusual property of green plant tRNase Z S s is likely due to multiple sequence determinants including the TM-type-specific flexible arm comprising the KL motif, Motif I and lack of the PxKxRN motif.
However, it should be noted that bioinformatics analysis alone cannot resolve possible differences in cleavage specificity among TM-type tRNase Z S s. The complete understanding of the mechanisms of the cleavage specificities of the TM-type tRNase Z S s awaits the determination of the structures of these enzymes bound to pre-tRNA and the accumulation of more precise biochemical data.
Methods
Plant genome database search and protein sequence analysis
Candidate tRNase Zs were identified by BLAST and PSI-BLAST searches against the genome databases using known tRNase Zs as query sequences. The databases used include Phytozome http://www.phytozome.net/, the NCBI nonredundant protein sequence database http:// blast.ncbi.nlm.nih.gov/Blast.cgi, Joint Genome Institute (JGI; http://www.jgi.doe.gov/ and Universal Protein Resource (Uniprot; http://www.uniprot.org/. An E-value cutoff of 0.001 was used in all searches. With this value, no b-CASP protein or other MBL protein was found. The resulting sequences were subject to validation as described [51] . The splicing pattern was verified using the FGENESH and FGENESH_GC programs provided at the Softberry website http://linux1.softberry.com/ berry.phtml?topic=fgenesh. Prediction of subcellular localization of proteins was made using web-based prediction programs such as MITOPROT http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html, PSORT http:// psort.hgc.jp/form.html and ChloroP http://www.cbs.dtu. dk/services/ChloroP/. Multiple sequence alignments were done by Clustal W [68] .
Phylogenetic analysis
Phylogenetic analysis was performed using the Bayesian approach, with T. maritima tRNase Z S (TmaTrz1) as an outgroup as described [51] . Briefly, full-length amino acid sequences of candidate plant tRNase Zs and TmaTrz1 were aligned by using Clustal W implemented in MEGA 5.0 [69] . After excluding gaps and the ambiguous sites, we used ProtTest 2.4 [70] to choose the most appropriate evolutionary model for our data set. The phylogenies were estimated by Bayesian inference with MrBayes 3.1.2 [71] using a mixture of the fixed amino acid models and I + G distribution. Statistical confidence was assessed by using Markov Chain Monte Carlo (MCMC) sampling approaches. Two separate runs including a total of four independent tree searches were conducted. All searches consisted of one 'cold' and three 'heated' Markov chains estimated for 10 7 generations, and every 1000 generations were sampled. The burn-in parameter was estimated by plotting -lnL against the generation number using Tracer 1.4.1 http://beast.bio.ed.ac.uk/Tracer, and the retained trees were used to estimate the consensus tree and the Bayesian posterior probabilities.
